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ABSTRACT: Hopping motions in cobalt manganese spinel oxides with high
cobalt concentration (CoxMn3−xO4, 2.3 ≤ x ≤ 2.7) are investigated in order to
clarify the origin of unusual electrical behaviors as negative temperature
coeﬃcient (NTC) thermistors. Based on the resistance versus temperature
(R−T) characteristics, hopping conduction mechanisms in MCO compounds (x
= 2.3 and 2.5) are attributed to variable range hopping (VRH) motion with a
parabolic distribution of the density of states (DOS) near the Fermi level.
However, when Co content increases up to 2.7, transition in the hopping motion
occurs from VRH to the nearest neighboring hopping (NNH) motion, which can
be responsible for a huge increase of the resistance accompanied by decrease of
the factor of thermal sensitivity (B value) in MCO compounds (x = 2.7). Also,
hopping distance and activation energies for MCO (x = 2.3 and 2.5) compounds
following VRH conduction are calculated as a function of temperature, indicating
that higher B value observed in MCO (x = 2.5) compound is due to the larger
hopping distance compared to that of MCO (x = 2.3) compound.
■ INTRODUCTION
Mixed transition metal oxides with spinel structures (AB2O4, A,
B = Ni, Co, Mn, etc.) play an increasingly important role in a
variety of applications such as electronics, energy storage
devices, and medical treatments due to their exceptional
electronic properties.1−5 To be speciﬁc, great attention has
been focused on spinel oxides for the use of negative
temperature coeﬃcient (NTC) thermistors6 thanks to its
high absolute temperature coeﬃcient of resistance (TCR, ∼
−4%/K) with moderate resistivity (10 < ρ (Ω·cm) < 103) at
room temperature.7
In the spinel crystal structure, oxygen ions are close-packed
with face-centered cubic conﬁguration, and one-eighth of the
tetragonal A sites and one-half of the octahedral B sites are
occupied by cations. The cations in A and B sites can have
oxidation states of +2 to +3 and +2 to +4, respectively.
Electrical conduction in spinel oxides mainly occurs via
hopping conduction process within diﬀerent cations rather
than electronic conduction.8 The hopping conduction in spinel
oxides is attributed to the mixed valence states of diﬀerent
cations. Thus, electrical properties of spinel oxides are greatly
aﬀected by cation distribution and oxidation states in the two
crystallographic sites, A and B.3,7
Among a number of spinel oxides, the (Mn3−xCox)O4 (0 ≤ x
≤ 3, MCO) system has been widely investigated for the NTC
thermistor application given that the strong electron
correlations in metal Mn can induce semiconductive character-
istics with moderate resistivity at room temperature. Also, when
Co content increases over 1, Co cations start to occupy
octahedral B sites leading to signiﬁcant change of cation
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distribution in the crystal structure and thus diﬀerent electrical
behaviors. According to Rousset et al., MCO compounds with
Co contents between 1.5 and 2.0 show the high factor of
thermal sensitivity (∼4000 K, B value) and the moderate
resistivity (102 < ρ (Ω·cm) < 103) at room temperature, which
are the desired electrical properties for real applications as NTC
thermistors.7 However, if Co content further increases up to
2.7, the B value dramatically dropped and huge increase of
resistivity was observed. Although many researches have been
performed on MCO compounds (1.5 ≤ x ≤ 2.0) suitable
compositions for NTC applications, up to our knowledge, it
still remains unclear why signiﬁcant drop of B value
accompanied by increase of the resistivity occurs for MCO
compounds with Co content over 2.5.
Based on the results of neutron diﬀraction and the bond
valence sum (BVS) calculations, it has been proposed that a
double mixed valency for manganese (Mn3+/Mn4+) and cobalt
(Co2+/Co3+) are present in the cation distributions of MCO
compounds (1 ≤ x ≤ 3)7,9 Thus, the cation distribution of Co-
rich MCO compound can be described by
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where the square brackets indicate octahedral sites. Conduction
process in Co-rich MCO compound is based on thermally
activated hopping between mixed valency of cations (i.e.,
Mn3+/Mn4+ and Co2+/Co3+). Also, charge transport occurs via
small polaron hopping in a localized real space due to the
strong ionic character of the bonding in spinel crystal structure.
This is in contrast to the conventional semiconductors where
the delocalized charge carriers are described in momentum
space.10
In this work, hopping conduction mechanisms in Co-rich
MCO compounds are fully investigated with corresponding
analytical models in order to give insight onto the origin of
unexpected behaviors of resistance and thermal sensitivity in
MCO (x > 2.5). Co-rich MCO compounds (x = 2.3, 2.5, and
2.7) were prepared via solid state reaction, and structural-
compositional studies were performed on the sintered ceramics
via appropriate analysis techniques.
■ EXPERIMENTAL PROCEDURE
Oxide powders of Mn3O4 (99.9%, Junsei Chem. Japan) and
Co3O4 (99.9%, Junsei Chem. Japan) were prepared with
diﬀerent stoichiometric amounts; Co2.3Mn0.7O4, Co2.5Mn0.5O4,
and Co2.7Mn0.3O4. After the oxide powders were mixed with
10% poly(vinyl alcohol) (PVA) solution as a binder in
deionized water, spray drying was used to produce the spherical
oxide powders with homogeneous particle size distribution.
The dried powders were pressed to prepare pellets of 0.5 mm-
thick and 2 cm in diameter. The pellets were heated to 873 at 5
K/min and left for an hour before heating to the sintering
temperature (1,473 K) with heating rate of 5 K/min and held
for 8h in a furnace. Subsequently, the pellets were cooled down
to 1,173 K with cooling rate of 100 K/h and left for an hour
before quenching to room temperature. Each sintered pellet
was characterized by X-ray diﬀraction (XRD) for 30 min using
Panalytical X’pert−pro MPD with Cu Kα radiation. The
volume fraction of each phase was estimated using integration
method for XRD data. The microstructure of each sample was
investigated using scanning electron microscopy (SEM; Nova
NanoSEM, FEI, USA). Thermogravimetric (TG) and diﬀer-
ential thermal analysis (DTA) of the powders after spray drying
were also observed using TG-DTA (Setsys evolution TGA-
DTA, Setaram, France). For resistance analysis in the
temperature range between 300 and 353 K, silver electrode
was screen-printed on the top of the sintered pellets, and,
subsequently, heat treatment was performed at 853 K for 2 h.
The thickness of the screen-printed electrode was about 20 um.
Figure 1. SEM images of MCO samples with Co content of (a) 2.3, (b) 2.5, and (c) 2.7.
The pellets were diced to cuboid with electrodes (cuboid; 1
mm × 2 mm × 0.5 mm, and electrodes at left and right sides of
the cuboid; 0.5 mm × 0.5 mm). Resistance of the cuboid
between 300 and 353 K was measured using an LCR meter
(IM3570, Hioki, Japan).
■ RESULTS AND DISCUSSION
Figure 1 represents SEM images of sintered MCO samples by
using starting powders prepared through spray drying. MCO
starting powders have homogeneous round shape morphology
with the average particle size of ∼20 μm. Spray drying is a rapid
single step powder synthesis technique, which can eliminate
solvent in a short time leading to homogeneous particle
morphology. As shown in Figure 1, the grain sizes of sintered
samples shows a relatively large variation (1 μm ∼ 30 μm).
Also, lamella structures were observed for all the sintered MCO
samples regardless of compositions. This lamella structure
might be associated with twins, which can be generated by the
cubic-tetragonal phase transformation during cooling.7 XRD
patterns of MCO samples were measured at room temperature,
and the results are shown in Figure 2. It can be seen from
Figure 2 that MCO samples have a mixture of cubic and
tetragonal phases. A crystal structure of MCO (x = 2.3)
compound mainly consists of tetragonal spinel phase, and cubic
spinel and CoO phases were copresented as secondary phases.
However, a symmetry transition occurred from tetragonal to
cubic phase as Co content increases over 2.5, and cubic spinel
was the main phase for MCO (x = 2.7) sample.7 The inset of
Figure 2 clearly shows the dominant phase for diﬀerent
compositions. Also, a diﬀraction peak intensity of CoO phase
was increased as Co content increases, indicating that higher
Co concentration might facilitate formation of CoO phase. In
addition, MCO (x = 2.5) sample might have a crystal structure
between those of two other compounds (x = 2.3 and 2.7). The
volume percentage of tetragonal spinel, cubic spinel, and CoO
phases in MCO samples were estimated using XRD data, and
the results are summarized in Table S1 (please see Supporting
Information).
Thermal analysis (TG and DTA) were performed on MCO
ceramics, and the results are presented in Figure 3. The initial
weight loss accompanied by an endothermic peak in the DTA
curve was observed at the temperature range from room
temperature to 573 K, which might be due to the desorption
and volatilization of surface absorbed water and residual
organics in the sample (Figure 3a,b). Also, there was no
signiﬁcant diﬀerence for the change of weight percentage within
MCO samples in the temperature range between room
temperature to 573 K. As increasing temperature further,
mass of the samples started to gradually increase at temperature
above 573 K, and then substantial weight gain occurred in the
temperature range between 773 and 873 K accompanied by an
endothermic peak (Figure 3a,b). This can be possibly attributed
to the oxidation of Mn3+ and Co3+ cations on octahedral sites.
Moreover, it should be mentioned here that the MCO sample
(x = 2.5) shows the lowest weight gain compared to the other
two MCO compounds (x = 2.3 and 2.7). This might indicate
that oxidation occurs less signiﬁcantly in the MCO compound
(x = 2.5) possibly due to the cation distribution for eﬃcient
charge compensation. In addition, weight loss with an
exothermic peak in the DTA curve was observed for all
samples as temperature increases from 973 to 1223 K, which
might be due to the oxidation of Mn3+ and Co2+ to Mn4+ and
Co3+, indicating the spinel phase formation of MCO
compounds. Furthermore, as temperature increases above
1400 K, abrupt weight loss was conﬁrmed by TG data collected
by all samples, and an exothermic peak was also presented in
DTA curves (Figure 3a,b). This abrupt weight loss might be
due to the decomposition of spinel phase at high temperature.
It was observed at MCO compound (x = 2.5) that weight loss
started at lower temperature and the percentage of weight loss
was much larger than those of other two compounds.
Moreover, TG/DTA data of MCO samples were measured
during cooling from 1473 K to room temperature, and the
results are shown in (Figure 3c,d). For all samples, weight was
abruptly increased as temperature decreased from 1473 to 1073
K due to the reoxidation,11 and further weight change during
cooling to room temperature was not observed. As can be seen
in Figure 3c, the total weight loss of MCO (x = 2.5) was much
larger compared to MCO (x = 2.3 and 2.7) samples, implying
that MCO (x = 2.5) was less reoxidized during cooling possibly
due to optimal cation distribution for the charge compensation.
The cation distribution of MCO (x = 2.5) compound which is
suitable for eﬃcient charge compensation might lead to higher
B value (i.e., high thermal sensitivity) compared to those of
MCO compounds (x = 2.3 and 2.7). This will be further
discussed below.
According to small polaron hopping theory, hopping
conduction between cations with diﬀerent valences can be
regarded as macroscopic percolation systems consisting of a
random resistor network.10 In this model, the resistivity (ρ) is
determined by resistors that are close to the percolation
threshold (ξc) including both spatial and energy terms as
follows:
ρ ρ ξ= exp( )0 c (1)
ξ ξ
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where ρ0 is a constant related with physical properties of the
system, and rij, εij are the separation of the electrons in real and
energy space, respectively. kB is the Boltzmann constant, and a
is a localization length that can be generally approximated as
Figure 2. XRD patterns of (a) (Co2.3Mn0.7)O4, (b) (Co2.5Mn0.5)O4,
and (c) (Co2.7Mn0.3)O4 measured for 2θ range from 10° to 40° at
room temperatuure. The inset shows evolution of cubic and tetragonal
phases in MCO samples as Co content increases.
ionic radii of Mn3+ for spinel manganese oxides due to the lack
of the exact rij values. Each term (i.e., real space and energy) in
eq 1 competes with each other, and the hopping process might
be constrained to nearest neighbors in real space when the
spatial term dominates ξc. This type of hopping conduction is
referred to as nearest neighbor hopping (NNH) conduction.10
However, charge carriers can be hopped to a farther site than
nearest neighbors if energetically favorable sites are available,
and this hopping mechanism is referred to as variable range
hopping (VRH) conduction. In the VRH model, donors and
acceptors are separated in energy space, and the ξij value can be
lower than that of the NNH process. A general expression of
resistivity for both cases can be described as follows:
ρ =
α
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⎛
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T CT
T
T
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where C is a constant, and T0 is characteristic temperature.
12,13
For NNH, α = p = 1 and T0 is only proportional to εij (T0 = ε3/
kB, ε3 is the activation energy for NNH conduction (EA,NNH)),
while α = 2p, and T0 can be described as below for the case of
VRH,10,14
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where g(ε) is a parametrized density of state (DOS), and ε is
the energy of electron with zero energy at the Fermi level. Also,
z is related to the p value as p = (z + 1)/(z + 4). Here, it is
important to note that the p value is close to 1/4 if the system
has a uniform DOS near the Fermi level (i.e., the case of Mott’s
VRH model), while a p value close to 1/2 implies that a
parabolic distribution of DOS exists at the Fermi level.
Furthermore, a p value near 1 indicates that the hopping
process of the system might follow the NNH conduction
mechanism rather than VRH. According to Shklovskii and
Efros, the p value can be obtained by using the equation
below.10,12,14
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Thus, one can elucidate the hopping motion of a certain
system by using eq 6 and determine whether VRH (p = 1/4 or
1/2) or NNH (if p ≈1) motions can provide the best
description of the R−T data. Also, it should be noted here that
for NTC ceramics, not only grain but also grain boundary can
exhibit hopping conduction.15 Thus, the grain boundary eﬀect
should be considered for the resistivity of MCO compounds. In
order to investigate resistance of the grain and grain boundary
separately, Nyquist plots of the impedance data were analyzed
at diﬀerent temperature. However, since MCO samples studied
in this work have high concentration of cobalt, inductive loops
in Nyquist plots appear for every sample, possibly due to high
interference between magnetic and electric ﬁelds during
Figure 3. (a) TG and (b) DTA plots of MCO samples during heating in the temperature range between 300 and 1500 K. (c) TG and (d) DTA plots
of MCO samples during cooling from 1500 to 300 K.
measurements. This makes it diﬃcult to calculate exact values
of resistance for respective components by ﬁtting the data.
Therefore, in this work, bulk resistance data was used to
investigate hopping motions in MCO compound since it
includes both grain and grain boundary resistance.
Resistance of the MCO samples with diﬀerent Co contents
(2.3, 2.5, and 2.7) was measured as a function of temperature
(300 K ∼ 353 K), and the result is shown in Figure 4. It can be
seen in Figure 4 that the resistance of compounds increases as
Co content increases. In addition, huge increase of resistance
was observed when Co content increases from 2.5 to 2.7. The B
value was calculated for each compound by using the following
equation:7
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where B is the energetic constant (the factor of thermal
sensitivity), which is directly related to the activation energy for
hopping conduction (Ea). R, kB, and T are resistance, the
Boltzmann constant, and absolute temperature, respectively.
The calculated B values for temperature range of 300−353 K
are presented in the inset of Figure 4. As can be seen in the
inset of Figure 4, MCO (x = 2.5) shows the highest B value
(3818 K) compared to those of MCO samples; 3498 K and
3362 K for MCO with Co content of 2.3 and 2.7, respectively.
These results are consistent with the previous results which
indicate that the huge increase of resistance accompanied by
decrease of B value occurred for MCO compound with Co
content over 2.5.7
Furthermore, in order to investigate the eﬀect of secondary
phases on electrical property of MCO compound, we have
performed high temperature XRD analysis and prepared phase-
pure MCO ceramics using spark plasma sintering (SPS)
technique. Based on the results of high temperature XRD as
shown in Figure S1 (please see Supporting Information),
sintering of MCO at high temperature inevitably leads to the
formation of the mixture phase of cubic and tetragonal spinel
with CoO phase. Formation of the secondary phase can be
suppressed by employing a low-temperature sintering techni-
que. In order to obtain phase-pure MCO ceramic, MCO
powders were calcined at relatively low temperature (900 °C)
and subsequently sintered at 700 °C for 5 min using SPS
technique. SPS has one of the advantages such as sintering of
ceramics at low temperature thanks to mechanical pressure
applied to the sample during sintering. In addition, the sample
can be rapidly quenched to room temperature (less than 30
min). Thus, formation of the secondary phase during cooling
can be minimized when SPS was used. As shown in Figure S2,
SPS sintered MCO samples have phase-pure spinel structure
without CoO phase. Moreover, the phase transformation of
cubic to tetragonal spinel was successfully minimized for the
SPS sintered MCO ceramics. Resistance of phase-pure MCO
samples were measured at diﬀerent temperature and B values
were calculated for each sample (Figure S3). It can be seen in
Figure S3 that for the same Co content, the B value of phase-
pure MCO sample is comparable with that of MCO sample
with CoO phase. Therefore, the secondary phase of CoO has a
less signiﬁcant eﬀect on the electrical property of MCO
compound, while Co contents in the MCO compound play an
important role in determining hopping motion.
In order to investigate the origin of unexpected electrical
behaviors in MCO compound with Co content of 2.7, hopping
motion should be precisely determined for each compound by
using appropriate analytical models, which were described
above. First, p values for MCO compounds can be calculated
from the ln(W) versus ln(T) plots (eq 6). It should be noted
here that W values are sensitive to scatter in the original R−T
data due to a diﬀerentiation method, which can result in poor
linearity in the ln(W) versus ln(T) plot. Although ln(W) values
of MCO samples showed rather poor linearity against ln(T), p
values close to 0.5 (0.33 and 0.46) were calculated for MCO
compound with Co content 2.3 and 2.5, respectively, while p
value close to 1 was obtained for MCO (x = 2.7) sample. This
result might imply that the hopping motion for MCO
compounds (x = 2.3 and 2.5) occurs via VRH with a parabolic
distribution of DOS at the Fermi level, while NNH motion
prevails as the hopping conduction mechanism of MCO
compounds with Co content of 2.7.
Figure 5 represents ρ−T data of MCO compounds plotted
by following VRH (p value = 0.5) for Co contents of 2.3 and
2.5 and NNH model for Co contents of 2.7, respectively. A
good linearity in ln(ρ) versus 1/T plot was observed for MCO
compound with Co content of 2.7 (Figure 5), indicating that
Figure 4. DC resistance versus temperature plots of MCO samples for
the temperature range from 303 to 353 K.
Figure 5. Plot of ln(ρ/T) versus 1/T0.5 for MCO (x = 2.3 and 2.5)
samples and ln(ρ) versus 1/T for MCO (x = 2.7) sample.
hopping conduction might proceed via NNH model. From the
linear ﬁt of ln(ρ) versus 1/T plot, the average characteristic
temperature (T0) of 3303 K was extracted for MCO sample (x
= 2.7), and thus the activation energy (EA,NNH, T0 = EA,NNH/kB)
of NNH conduction can be determined as 0.28 eV, which is
comparable with the previously reported values for manganese
spinel oxides.10,14
ln(ρ/T) versus 1/T0.5 plots for the both of MCO samples
with Co content of 2.3 and 2.5 are also shown in Figure 5. It is
clearly observed in Figure 5 that ln(ρ/T) plots have a linear
relationship with 1/T for the both samples, which implies that
hopping conduction occurs by following VRH hopping motion.
One can calculate g′ values representing a lower limit of DOS
near the Fermi level based on the linear ﬁtting parameters (T0)
for ln(ρ/T) versus 1/T0.5 plots and a value (∼0.7 Å) estimated
as the Mn3+/Mn4+ cation radii from a hard sphere model.10
Table 1 summarizes the resistivity at 303 K (ρRT), g′, and T0 for
MCO compounds with Co content of 2.3 and 2.5, respectively.
For MCO (x = 2.7) sample, T0 and EA,NNH are also listed in
Table 1. Furthermore, it is important to note that for VRH
conduction (p value <1), hopping distance and activation
energy are not constant as a function of temperature, but it
depends on temperature change.16−18 For conventional
semiconductors, localized electrons within band gap are
activated from donor states or charge trap sites into the
conduction band as temperature changes, which results in
variation of activation energy. On the contrary, for the case of
MCO compound, electrons are strongly localized at the lattice
due to the nature of ionic bonding in the crystal structure, thus
the variation of activation energy might change the maximum
hopping distance as well. In order to investigate the maximum
hopping distance at diﬀerent temperatures, it is necessary to
calculate the upper limit of DOS at the vicinity of Fermi level.
According to Schmidt et al., the features of DOS for manganese
spinel oxide can be represented as the parabolic distribution
with upper and lower Hubbard bands, which are separated by a
broad energy gap similar to the activation energy for NNH
conduction (ε3, 0.28 eV for MCO compound) (Figure 6).
14 It
can be assumed that electron states within the upper and lower
Hubbard bands can contribute to conduction process, since ε3
is associated with the polaron formation energy. Therefore, the
upper limit of DOS near the Fermi level can be regarded as the
DOS at 0.14 eV. g(0.14 eV) values are calculated as 1.07 × 1021
(eV−1·cm−3) and 6.13 × 1020 (eV−1·cm−3) by using eq 5 for
MCO compounds with Co content of 2.3 and 2.5, respectively.
Then, one can calculate hopping distance and activation energy
for VRH conduction (EA,VRH) as a function of temperature by
using the following equations:17,19
π= · ·R a g k T/[8 (0.14eV) ]1/4 B
1/4
(9)
=E k T T0.5A,VRH B 0
0.5 0.5
(10)
Figure 7 shows the calculated hopping distance and
activation energy at diﬀerent temperature for MCO (x = 2.3
and 2.5) samples. It was found that for MCO (x = 2.3), R
increases from 0.20 to 0.21 nm and EA,VRH decreases from 0.33
to 0.31 eV as temperature decreases from 350 to 300 K. The
similar trend was observed for MCO (x = 2.5) sample; R
increases from 0.23 to 0.24 nm and EA,VRH decreases from 0.36
to 0.34 eV at the same temperature range (350 to 300 K). The
g(0.14 eV) values, hopping distance (RRT), and activation
energy for VRH conduction (EA@RT,VRH) at room temperature
are summarized in Table 1.
MCO (x = 2.3) shows lower ρRT value (645.8 Ω·cm)
compared to that of MCO sample (x = 2.5, 3680.4 Ω·cm),
which might be due to lower EA@RT,VRH (0.31 eV) of MCO (x =
2.3) compound. Furthermore, higher B value of MCO (x = 2.5)
than MCO (x = 2.3) (inset of Figure 4) can be related with
larger hopping distance (0.24 nm for MCO (x = 2.5) and 0.21
Table 1. ρRT and T0 Values for MCO Samples
a
MCO
(x = 2.3)
MCO
(x = 2.5)
MCO
(x = 2.7)
ρRT (Ω·cm) 645.8 3680.4 25678.8
T0 (K) 1.74 × 10
5 2.10 × 105 3.3 × 103
EA,NNH (eV) N/A
b N/A 0.28
g′ (cm−3·eV−3) 5.50 × 1022 3.12 × 1022 N/A
g(0.14 eV) (cm−3·eV−1) 1.07 × 1021 6.13 × 1020 N/A
RRT (nm) 0.21 0.24 N/A
EA@RT,VRH (eV) 0.31 0.34 N/A
aThe activation energy of NNH conduction (EA,NNH) is calculated for
MCO (x = 2.7) sample. The values of g′, g(0.14 eV), hopping distance
(RRT, at room temperature), and activation energies of hopping
conduction (EA@RT,VRH, at room temperature) for MCO (x = 2.3 and
2.5) samples are calculated following VRH motion. bN/A: Not
available.
Figure 6. DOS versus electron energy for MCO spinel oxide
represented as the parabolic distribution with upper and lower
Hubbard bands.
Figure 7. Hopping distance and activation energies as a function of
temperature for MCO (x = 2.3 and 2.5) samples following VRH
conduction.
nm for MCO (x = 2.3), Figure 7), since larger maximum
hopping distance means that there should be more available
hopping sites at the vicinity of the cation resulting in a variety
of path ways for conduction. The large number of possible
hopping sites of MCO (x = 2.5) compound might be associated
with the optimal cation distribution in the lattice which is in
consistent with the results from thermal analysis (Figure 3). As
Co contents increases up to 2.7 (MCO, x = 2.7), transition in
hopping motion occurred from VRH to NNH resulting in huge
increase of ρRT (25 678.8 Ω·cm); 2 orders of magnitude higher
than resistivity of MCO (x = 2.3). Moreover, high
concentration of Co ions can signiﬁcantly decreases concen-
tration of available hopping sites (i.e., Mn3+/Mn4+ ions in B
sites), and thus results in decrease of B value. Thus, unexpected
electrical behaviors in MCO compound (x > 2.5) might be due
to NNH hopping motion and reduced concentration of Mn3+/
Mn4+ ions. It can be concluded that for MCO compound, VRH
hopping motion with large hopping distance rather than NNH
process is favored to achieve moderate resistivity and high B
value at room temperature, which are desired properties of
NTC materials for real applications.
■ CONCLUSION
Cobalt manganese spinel oxides with high cobalt contents
(CoxMn3−xO4, x = 2.3, 2.5, and 2.7) were prepared via solid
state route. Microstructure of sintered ceramics showed grain
sizes of 1 μm ∼ 30 μm, and measured X-ray diﬀraction (XRD)
data conﬁrmed that CoxMn3−xO4 (MCO) samples were
crystallized in a mixture phases of cubic and tetragonal spinel
structure. Also, according to thermal analysis data of MCO
samples, less oxidation during cooling and heating occurred for
MCO sample with Co content of 2.5 than those of MCO (x =
2.3 and 2.7) samples, which might be due to the cation
distribution for eﬃcient charge compensation in MCO (x =
2.5) sample. Resistance versus temperature characteristics of
each MCO compounds were investigated to determine hopping
motion in the compound. The results suggested that hopping
conduction in MCO (x = 2.7) occurs through nearest
neighboring hopping (NNH) motion, while variable range
hopping (VRH) motion was determined as hopping con-
duction mechanism for MCO (x = 2.3 and 2.5) samples. NNH
motion of MCO (x = 2.7) sample might be responsible for high
resistance of the compound compared to those of MCO
samples (x = 2.3 and 2.5). Moreover, hopping distance and
activation energies for MCO samples following VRH motion
were calculated as a function of temperature. The results
indicated that MCO (x = 2.5) has larger hopping distance than
that of MCO (x = 2.3), which can possibly result in higher
value for the factor of thermal sensitivity (B value).
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